ABSTRACT. Adequate winterhardiness is crucial for yield stability of asparagus (Asparagus officinalis) cultivars in southern Ontario, Canada, and could be influenced by pattern of the fall fern senescence. Fern of cultivar Guelph Millennium (GM) turns yellow or senesces by mid-October, before that of cultivar Jersey Giant (JG), which often remains green until a killing frost. Early fern senescence could be a signal for cold acclimation competency and consequently winterhardiness, explaining the superior stand longevity and yield observed for GM compared with JG. A field experiment was conducted from mid-August to November to measure physiological parameters related to cold acclimation in fern, rhizome, and storage roots. During fall, fern chlorophyll concentration, rhizome nitrogen concentration, percent water of the crown, and storage root LT 50 (temperature at which 50% cell death occurs) decreased. Cultivars did not differ for storage root percent water; however, values were smaller (greater dehydration) for GM than JG in the rhizome. At the end of the sampling period, GM had higher and lower concentrations of rhizome low-molecular-weight, non-structural carbohydrates and sucrose, respectively, than JG, which could support a hypothesis of greater winterhardiness in GM. Storage root LT 50 values of -19 8C and the lack of cultivar differences for this trait, in conjunction with differences between GM and JG for rhizome traits thought to be important for freezing tolerance, suggest characteristics of the rhizome in conjunction with timing of fern senescence may be important in cold acclimation of asparagus.
Asparagus is an herbaceous perennial in which the aboveground fern senesces, turning yellow in the fall, leaving the crown to overwinter. In southern Ontario, the primary production region within Canada, winter temperatures below -20°C, early-October frosts, and winter freeze-thaw cycles are possible, requiring adapted germplasm for these conditions.
The predominant cultivars grown in southern Ontario, GM and JG, show contrasting patterns of fall fern senescence. The fern of GM is earlier to yellow than that of JG, which will often freeze while still green. GM yields more and has greater longevity than JG, which is often observed to decline, showing decreased yields and increased plant mortality over time, which could be attributable to any number of stress factors, including pathogens, allelopathy (Hartung and Stephens, 1983) and/or winterhardiness.
The freezing of non-senescent fern could contribute to decline, because removal of green fern from actively growing asparagus has been shown to have a negative impact on yield (Bai and Kelly, 1999) . Nitrogen remobilization from photosynthetic tissues to overwintering storage organs could be limited because 90% of fern nitrogen translocates to the crown during senescence (Ledgard et al., 1994) .
Short daylength has been implicated as a key developmental signal controlling growth and the partitioning of assimilates into the asparagus crown (Guo et al., 2002; Wooley et al., 1999) . Crown carbohydrate accumulation induced by short daylength, an increase of root:shoot ratio (Woolley et al., 2002) , and a reduction in sink capacity (Thomas and Stoddart, 1980) may promote senescence.
The initiation of cold acclimation and extent of winterhardiness can also be influenced by the onset of senescence (Guy, 2003; Levitt, 1980) . Late fall vegetative growth has been shown to negatively correlate with yield in asparagus (Bai and Kelly, 1999) as well as winterhardiness and yield in alfalfa (Medicago sativa) (Dhont, 2006) . Because asparagus is herbaceous, the ''stay green'' phenotype characteristic of JG in southern Ontario could predispose this cultivar to deficiencies in cold acclimation, freezing tolerance, and consequently longevity.
The phenology of cold acclimation for asparagus (Krug, 1999) like many herbaceous perennials (Sakai and Larcher, 1987; Xin and Browse, 2000) can be categorized into two stages. The first is initiated by short days and daily temperatures ranging from 10 to 20°C. During this period, the overwintering organs dehydrate and accumulate carbohydrate (Stout, 1980) , leading to an increase of abscisic acid (Bressan et al., 2006) and proline concentrations (Singh et al., 1972; Tatar and Gevrek, 2008) and finally freezing tolerance (Kacperska-Palacz, 1978) . During the second stage at temperatures near or below 0°C, freezing tolerance increases further and often is correlated with increased osmolytes, changes in fructan isomerization, and soluble protein and unsaturated plasma membrane phospholipid concentrations (Livingston, 1996; Patton et al., 2007a Patton et al., , 2007b .
Compounds such as proline, simple sugars, certain proteins, and oligosaccharides such as raffinose and fructan (Alden and Hermann, 1971) are osmolites with cryoprotective properties. Proline has been implicated as a protein stabilizer during water stress and mediates the loss of osmotic responsiveness resulting from dehydration (Heber et al., 1971; Steponkus, 1984) . Sucrose has been shown to specifically substitute for water as intercellular ice forms (Caffrey et al., 1988; Thebud and Santarius, 1982) . Raffinose can prevent sucrose from crystallizing at extreme low temperatures (Caffrey et al., 1988) and has been associated with winterhardiness, even at low concentrations (Ashworth et al., 1993; Hincha et al., 2007) . Stressinduced proteins, dehydrins, have a stabilizing effect on sugars by increasing the average strength of hydrogen bonding (Trischuk et al., 2006) . Fructans of various size classes can interact with membranes, limiting phase transitions and fusion as a result of dehydration (Hincha et al., 2007) .
Asparagus only produces fructan within the crown, which can account for up to 90% of the total root carbohydrates (Cairns, 1992) . Oligo-(low-molecular-weight) and poly-(highmolecular-weight) fructooligosaccharides have degrees of polymerization (DP) of 10 DP or less and greater than 10 fructose moieties attached to a glucose monomer, respectively (Norio et al., 2007) . Asparagus storage root fructan averages between 13 and 16 DP, but this factor can vary with the genotype, time of year, and the presence of abiotic and biotic stress factors (Norio et al., 2007; Pressman et al., 1989; Shiomi, 1992) .
Hydrolysis of fructan results in the production of simple sugars (Gasecka et al., 2008; Taga et al., 1980) . In Israel, where winters are mild, fructans in asparagus crowns declined and sucrose increased progressively during fall senescence and winter dormancy. Although simple sugars, mainly sucrose, fructose, and glucose, are used for respiration and spring regrowth (Alden and Hermann, 1971; Norio et al., 2007; Pressman et al., 1993; Wilson et al., 2008) , they could also act as cryoprotectants to increase freezing tolerance (Allison et al., 1999) .
Few studies have measured the freezing tolerance or identified key cryoprotective metabolites of field-grown asparagus. Temperatures below -30°C without snow cover in Minnesota resulted in JG mortality (Fritz et al., 2005) . In Japan, 1-year-old crowns of cultivar Mary Washington grown under field conditions and harvested in December showed considerable freezing damage when exposed to controlled temperatures less than -10°C and complete death below -15°C (Imakawa and Harada, 1989) . The accumulation of carbohydrates within the asparagus crown before dormancy has been linked to freezing tolerance and yield (Burrows et al., 1989; Pressman et al., 1989 Pressman et al., , 1993 Shelton and Lacy, 1980) , but other cryoprotective compounds have not been investigated.
The distinct patterns of fall fern senescence and associated variation in longevity observed between GM and JG in southern Ontario could be related to differences in cold acclimation and ultimately freezing tolerance. The objective of this experiment was to study physiological parameters during the fall thought to be important for cold acclimation and identify cultivar differences that would then facilitate future experimentation that examines direct associations of traits with crown freezing tolerance, leading to the identification of indirect measures that could be used to breed for winterhardiness.
Materials and Methods
ESTABLISHMENT. Field trials were conducted at the University of Guelph Simcoe Research Station, Simcoe, Ontario, Canada (lat. 42°51# N, long. 80°16# W, elevation 240.5 m). Commercially available 1-year-old asparagus crowns of JG and GM were transplanted into 20-cm-deep trenches on 6 May 2008 and 2009. The crowns were covered with 5 cm of soil and the trenches were gradually filled during the summer.
The experiment was conducted as a balanced split-plot design with cultivars as sub-plots and sampling dates as main plots. Main plots were organized using a randomized completeblock design with two blocks at each of two research station locations. Location one was a Scotland Sand (Brunisolic Grey Brown Luvisol) and location two was a Tavistock Loam (Gleyed Brunisolic Grey Brown Luvisol). The six main plots were sampled in 2008 on 15 Aug., 15 Sept., 1 Oct., 20 Oct., and 3 Nov., whereas in 2009, samples were taken on 18 Aug., 14 Sept., 28 Sept., 14 Oct., and 16 Nov. Similar sampling dates were combined over the 2 years to create five generalized sampling dates: mid-August (15 and 18 Aug.), mid-September (14 and 15 Sept.), early October (28 Sept. and 1 Oct.), midOctober (14 and 20 Oct.), and November (3 and 16 Nov.). Subplots consisted of 10 crowns spaced 20 cm within a row. Two additional border plants were planted at the ends of each row and rows were spaced 1.5 m apart. Guard rows separated each of the main plots.
All crowns were fertilized (50 kgÁha -1 10N-4.4P-8.3K) in May, June, and July of both years. Manual weed removal and interrow applications of glyphosate (360 gÁL -1 ) (Monsanto, St. Louis, MO) were used as needed.
FALL HARVEST TREATMENTS. On each of the sampling dates, 10 plants from each sub-plot were dug from the field during the morning, cleaned of soil, separated into aboveground fern and belowground crown material, and stored in burlap bags at 6°C until further treatment. Of the 10 harvested plants, five were processed for fresh weight (FW), dry weight (DW), and water content, whereas the remaining five were processed for freezing assessment and metabolite analysis. Whole crowns were dried for 2 weeks at 80°C. Water content (%) was determined as [(FW -DW/FW)] · 100 (Tanino et al., 1990) . Total crown DW and crown water were only presented for 2009 data, because 2008 samples were dried inadequately.
Chlorophyll concentration was quantified using five randomly selected mature ferns per sub-plot. Cladophylls, 500 mg FW, were randomly sampled from each fern and combined into one 30 · 115-mm, 50-mL polypropylene conical tube for a total of five sub-samples per sub-plot. Tissue from each sub-sample was extracted with 25 mL 99% CH 3 OH at 65°C for 10 min then stored at 4°C overnight. After centrifugation at 2000 g n for 10 min, 3 mL of the supernatant was recovered and transferred into a standard polystyrene cuvette (10-mm light path) and measured at both 665 nm and 652 nm using a spectrophotometer (Ultraspec 2100 pro ultraviolet/Visible; Biochrom, Cambridge, UK). Total chlorophyll was calculated according to Lichtenthaler (1987) : micrograms total chlorophyll per milliliter of extract = (1.44)(A 665nm ) + (24.93)(A 652nm ).
FREEZING TREATMENT. To quantify freezing tolerance, storage root tissues, %5 cm in length, within 10 cm from the rhizome, were frozen at predetermined temperatures and assessed for electrolyte leakage for each sampling date as follows. Randomly sampled storage roots, 160 per sub-plot, were individually placed into glass test tubes (25 · 150 mm) and distributed into eight 40-cell test tube racks, where each rack contained 20 tubes of each cultivar. Within a rack, tubes for each cultivar were grouped together. Seven of the eight racks were placed into a household chest freezer (Woods, Guelph, Ontario, Canada). The remaining rack from each block was held at 4°C for 48 h and served as a control. Separate freezers were used for each of the four replicate blocks corresponding to the two replications · two locations in the field. Freezers were maintained at 4°C for 2 h then at -3°C for 12 h to allow ice nucleation. Additional freezing treatments of -6, -9, -12, -15, and -18°C were achieved by decreasing the temperature by 3°C per hour and then holding the temperature for 1 h. A thermocouple (HOBO; Onset Computer, Pocasset, MA) was used to monitor and verify temperature treatments. One rack was removed from each freezer once each temperature was maintained for the designated period and then incubated at 4°C for 12 h. To each tube, 25 mL of dH 2 O was added and all racks were placed on a rotary shaker (400 rpm) for 24 h at room temperature. The resulting solutions were measured for electrical conductivity (EC) with a Hanna instruments pH/conductivity meter (H19810; Caprock Developments, Morris Plains, NJ). Once the initial conductivity measurements were made, samples were autoclaved (20 min at 121°C and 0.138 MPa), incubated for 24 h on a rotary shaker (400 rpm), and measured again for EC. Relative electrolyte leakage (REL) was determined by the equation: (conductivity once autoclaved/conductivity post-freezing) · 100 (Zatylny et al., 1996) .
The sigmoidal curve fitting function PROC NLIN (SAS Version 9.1; SAS Institute, Cary, NC) was used to estimate LT 50 values according to Patton and Reicher (2007) 
]} where Y min = lower bound of REL, Y max = upper bound of REL, e k = inflection point slope function, Tm = temperature at the inflection point (LT 50 ), K = function estimation of the slope, and T = treatment temperature. PROC NLIN estimates Tm, the temperature representing the inflection point, or LT 50 , the value representing the temperature at which 50% cell death occurs, equated in this experiment to 50% ion leakage.
METABOLITE ANALYSIS. Five to 10 random storage roots from each crown (within 10 cm of the rhizome) were bulked, weighed (%10 to 15 g FW), and placed into 50-mL polypropylene conical tubes. The rhizome from each crown was excised of bud scales and epidermal tissue and then placed in a 30 · 115-mm, 50-mL polypropylene conical tube. Tissue was frozen in liquid nitrogen, lyophilized (Model 77510; Labconco, Kansas City, MO), and weighed to determine DW. Water content (%) was calculated as previously described. Samples were ground with a mortar and pestle to pass a 60-mesh sieve and then stored at -80°C (Model 923; Forma Scientific, Marretta, OH) until further use.
Total nitrogen (%) was assessed using a nitrogen analyzer (Model FP-428; Leco, St. Joseph, MI). Samples (%50 mg DW) were combusted in a sealed system, resulting in the release of nitrogen compounds; after reduction to N 2 gas, the total nitrogen was measured by the thermal conductivity cell.
Protein was quantified using the Bio-Rad Protein Assay procedure (Bio-Rad Laboratories, Mississauga, Ontario, Canada) based on the method of Bradford (1976) . Soluble protein was extracted from 100 mg DW storage root or 50 mg DW rhizome tissue with 1mL extraction buffer (0.1 M Tris, 150 mM NaCl, 0.1% Tween 20, pH 8.0). The supernatant was decanted once centrifuged at 5000 g n for 10 min. To the supernatant, 1 mL of cold protein precipitation solution [10% (w/v) TCA, 90% (v/v) (CH 3 ) 2 CO, 0.1% b-mercaptoethanol] kept at -20°C was added. Thereafter, the solutions were incubated at -20°C for 1 h and then centrifuged at 12,000 g n for 10 min at 5°C. The pellet was washed with two cycles of vortexing with 1 mL of 100% (CH 3 ) 2 CO solution and centrifugation at 12,000 g n for 10 min at 5°C. The resulting pellet was allowed to dry overnight and then resolubilized in 1 mL of 0.1 M NaOH. Triplicate 100-mL samples of extract were assayed with 5 mL of 1:4 diluted Bradford dye reagent [0.004% (v/v) Brilliant blue G, 10% (v/v) phosphoric acid, 4% CH 3 OH:dH 2 O] and the solution was measured at 595 nm with a spectrophotometer (Ultraspec 2100 pro ultraviolet/Visible). Protein was estimated as mgÁg -1 DW according to a 0.9 to 2 mgÁmL -1 bovine serum albumin standard curve.
Proline was assayed using acid ninhydrin as described by Patton et al. (2007b) . Briefly, 30 mg DW of ground storage root or rhizome was homogenized with 1 mL of EtOH solution [3% (w/v) sulfosalicylic acid in 80% (v/v) EtOH] in 2-mL microcentrifuge tubes. Samples were incubated for 20 min at 70°C, removed, and cooled on an orbital shaker (150 rpm) for 15 min. Once cooled, samples were centrifuged at 16,000 g n for 10 min at room temperature and the pellet was washed twice with EtOH solution by two additional repetitions of vortexing and centrifugation. Aliquots of 100 mL were transferred into 13 mm, 20-mL borosilicate glass test tubes containing 1 mL of acid ninhydrin (1.25 g ninhydrin in 30 mL glacial acetic acid, 13.8 mL 85% H 3 PO 4 , and 6.2 mL dH 2 O) and 1 mL glacial acetic acid. Tubes were vortexed for 15 s and placed in a 90°C water bath for 1 h. The reaction was stopped by placing the tubes in an ice bath. To extract the chromophore, 4 mL of toluene was added to the tube; the tube was further vortexed for 15 s, and aqueous and non-aqueous phases were allowed to separate. Two milliliters of the upper non-aqueous phase, containing the chromophore, was pipetted into a quartz cuvette and measured for absorbance at 520 nm with a spectrophotometer (DU-64; Beckman, Fullerton, CA). Proline concentration was estimated as milligrams per gram DW using a 0 to 60 mgÁmg -1 L proline standard curve.
Total non-structural carbohydrates (TNC) (reducing and non-reducing sugars) were quantified with the anthrone method (Yemm and Willis, 1954) . Briefly, soluble sugars were extracted from 250-mg DW storage root or 500-mg DW rhizome tissue samples and separated sequentially with 90% (v/v) EtOH and dH 2 O solutions into low-molecular-weight and highmolecular-weight carbohydrates, respectively (Grotelueschen and Smith, 1968; Livingston, 1990) . Endogenous enzymes were first inactivated by incubation of the tissue with 3 mL of 90% (v/v) EtOH at 70°C for 10 min. After centrifugation for 10 min at 3000 g n , the supernatant was saved and the pellet extracted twice more with 3 mL of 90% (v/v) EtOH at 40°C for 10 min. Once the sample was extracted with EtOH, a white precipitate was observed as a surface layer on the remaining pellet. The supernatants from the three EtOH extractions were pooled and brought up to a 10-mL volume with 90% (v/v) EtOH. To extract the residual carbohydrates, the remaining pellet was incubated with 4 mL of dH 2 O at 80°C for 15 min; after centrifugation for 10 min at 3000 g n , the extraction was repeated. The two supernatants were pooled and brought up to a 10 mL volume with dH 2 O.
To detect carbohydrates with the anthrone method, 100 mL of extract was added to 3 mL of anthrone solution [72% (v/v) H 2 SO 4 + 15% (w/v) anthrone]. After 11 min of boiling at 100°C, the samples were cooled on ice and measured for absorbance at 625 nm (Ultraspec 2100 pro ultraviolet/Visible spectrophotometer). TNC concentrations were estimated as milligrams per gram DW using a 0 to 200 mgÁmg -1 fructose standard curve. EtOH extractions were diluted, as necessary, to produce values within the standard curve limits.
Glucose, sucrose, and raffinose were quantified using a commercially available kit (K-RAFGL; Megazyme International Ireland, Bray, Ireland) (McCleary et al., 2006) . Tissue (500 mg DW) was extracted with 5 mL of 80% (v/v) EtOH and diluted to 50 mL with sodium acetate buffer (50 mM, pH 4.5). From each extract, 200-mL aliquots were added to each of three 13-mm (20 mL) borosilicate glass test tubes labeled A, B, and C. Tube A was assayed for glucose, Tube B for sucrose once hydrolyzed to glucose and fructose with 200 mL of supplied invertase, and Tube C for raffinose once digested with a 200-mL mixture of supplied a-galactosidase and invertase. Tubes A, B, and C were incubated at 50°C for 20 min to allow enzymatic hydrolysis. Thereafter, 3 mL of supplied glucose oxidase/peroxide reagent was added to each tube, which was incubated further for 20 min at 50°C. Finally, the absorbance was determined at 510 nm with a spectrophotometer (Ultraspec 2100 pro ultraviolet/ Visible). This method measures the molarity of a sample using a control solution of glucose. The absorbance of Tube A was used to calculate the molarity of glucose, the difference in absorbance between A and B was used to calculate sucrose, and the difference between C and B was used to calculate raffinose according to supplied formulas. Glucose and sucrose were presented on a DW basis using their corresponding molecular weights, whereas raffinose content was calculated with the average molecular weight of the three raffinose-series oligosaccharides: raffinose, verbascose, and stachyose, because all are hydrolyzed with a-galactosidase and invertase.
Low-and high-molecular-weight fructan was determined for storage root and rhizome tissues using a commercial fructan analysis kit (K-FRUC; Megazyme International Ireland) (McCleary et al., 1997) . Tissue samples (100 mg DW storage root, 150 mg DW rhizome) were extracted twice with 90% ETOH (5 mL) at 70°C for 20 min, centrifuged, decanted, and supernatant saved. The pellet was further extracted twice with TNC = total non-structural carbohydrates; LNC = low-molecularweight, non-structural carbohydrates; HNC = high-molecular-weight, non-structural carbohydrates; LF = low-molecular-weight fructan; HF = high-molecular-weight fructan; LT 50 = value representing the temperature at which 50% cell death occurs, as measured by 50% ion leakage. *Significant; NS = non-significant. dH 2 O (5 mL) at 80°C for 20 min, centrifuged, decanted, and supernatant saved. The high-molecular-weight, dH 2 O fraction, was adjusted to 80 mL with dH 2 O, whereas the low-molecularweight, EtOH fraction, was evaporated to dryness and solubilized with 80 mL dH 2 O. From each extract, triplicate 200-mL samples were incubated with 200 mL of the supplied sucrase enzyme at 40°C for 30 min, whereas after, reducing sugars were removed with 200 mL of alkaline borohydride solution during incubation at 40°C for 30 min. Thereafter, the pH was adjusted with 0.5 mL of acetic acid (0.2 M). Fructan was hydrolyzed by adding 0.1 mL of fructanase solution to 0.2 mL of extract and incubation at 40°C for 20 min. The D-fructose and D-glucose produced were measured at 410 nm with a spectrophotometer (Ultraspec 2100 pro ultraviolet/Visible spectrophotometer) after incubation with 5 mL parahydroxybenzoic acid hydrazide (PAHBAH) at 100°C for 6 min. Reducing sugars were quantified using 200-mL sub-samples of the fructan extract, before the addition of sucrase, mixed with 3 mL of PAHBAH at 100°C for 6 min. Fructan and reducing sugars were estimated as milligrams per gram DW according to given formulas, which use a D-fructose control absorbance and conversion factors to measure free D-fructose or to convert Dfructose into fructan.
STATISTICAL ANALYSIS. The restricted maximum likelihood covariance parameter estimates of Proc Mixed were used to analyze physiological parameters (SAS Version 9.1; SAS Institute). Standard errors of the mean were calculated depending on the significance of random and fixed effects. Nonpairwise comparisons are shown for significant cultivar and sample date interaction effects. If a parameter did not have a significant interaction effect but the effect of cultivar was significant, then pairwise comparisons of cultivars and cultivar least square means are presented. If the effect of cultivar or the interaction between cultivar and sample date was not significant but sampling date was significant, then cultivars were pooled. If sample date, cultivar, or their interaction was not significant, then cultivars were pooled unless stated otherwise. Significantly different means were separated according to Tukey's honestly significant difference using a P # 0.05. Dependent variables were tested for normality with the Shapiro-Wilk statistic. Chlorophyll was transformed using the exponential function e x . Storage root reducing sugar and rhizome glucose, raffinose, and proline concentrations were squareroot transformed. Untransformed data are presented in the figures.
Spearman's rank-order correlation coefficients, r, between LT 50 and physiological or metabolic parameters were calculated using PROC CORR (SAS Version 9.1). Statistical significance was determined according to P # 0.05.
Results

STATISTICAL ANALYSES.
The random effects of year, location, year · location, and their interactions with cultivar or sample date were not significant for each parameter; therefore, data were pooled over years and locations. The statistical significance of fixed effects, cultivar and sample date, and their interaction are summarized for all parameters (Table  1) .
FERN SENESCENCE AND NITROGEN. During early-Oct. 2008 (Fig. 1A) and 2009 (Fig. 1B) , the Simcoe Research Station in Simcoe, Ontario, Canada, consistently experienced daily minimum air temperatures below 10°C with photoperiod decreasing below 12 h. The 2009 fall season was cool and wet compared with 2008. The first frost was also 1 week earlier in 2009 than in 2008. As a result, freezing injury to the cladophyll tissue of JG was observed in Nov. 2009 ( Fig. 2A) . At this same time, crowns of JG did not appear dormant compared with GM (Fig. 2B ). Buds and young storage roots were growing actively (white in appearance) and fern was green in JG, whereas a rare storage root was actively growing, buds were quiescent, and fern had abscised in GM. Throughout the sampling period, chlorophyll concentration was consistently lower in GM than JG (Fig. 3A) . Visible fern senescence was apparent by mid-and late October for GM and JG, respectively. The asparagus fern senesced from bottom to top and from oldest to youngest frond in both cultivars. Fern DW was similar for both cultivars through the sampling period (Fig. 3B) .
Storage root nitrogen (Fig. 4A ) did not change significantly during the sampling period for both cultivars; however, it appeared to increase in the fall as chlorophyll concentration decreased (Fig. 3A) ; interestingly, GM appeared to have lower chlorophyll levels and higher nitrogen levels compared with JG. Rhizome nitrogen (Fig. 4B ) increased through the fall for both cultivars but was higher in GM than JG in early October. Rhizome nitrogen was negatively correlated with chlorophyll concentration (GM: r = -0.82, P < 0.0001; JG: r = -0.71, P < 0.0001) and was present at twice the concentration observed for storage root tissue.
DRY MATTER AND DEHYDRATION. Percent water content of storage root (Fig. 5A) , rhizome (Fig. 5B) , and whole crown (Fig. 5C ) tissues decreased until mid-October. Rhizome and whole crown percent water were consistently lower for GM as compared with JG (Fig. 5B-C) .
Crown dry weight was higher for GM compared with JG from early October into November (Fig. 5D ). As crown dry weight increased, there was a concomitant decrease in crown percent water (Fig. 5C) ; the two parameters were negatively correlated (GM: r = -0.86, P < 0.0001; JG: r = -0.81, P < 0.0001). In addition, chlorophyll content was positively correlated with water content of the rhizome, storage root, and whole crown (rhizome: GM: r = 0.83, P < 0.0001; JG: r = 0.73, P < 0.0001, storage root: GM: r = 0.72, P = 0.001; JG: r = 0.69, P = 0.002, crown: GM: r = 0.65, P = 0.002; JG: r = 0.61, P = 0.009) and negatively correlated with crown dry weight (GM: r = -0.81, P < 0.0001; JG: r = -0.65, P = 0.005).
TOTAL NON-STRUCTURAL CARBOHYDRATES. Both GM and JG followed similar TNC partitioning trends throughout the fall. Storage root low-molecular-weight, non-structural carbohydrates (LNC) (Fig. 6A) decreased from early October to mid-October, whereas storage root high-molecular-weight, non-structural carbohydrates (HNC) (Fig. 6B) increased from mid-August to mid-October. The concentration of storage root TNC (Fig. 6C ) did not change through the sampling period.
Rhizome TNC partitioning was distinct between GM and JG from early October to November. The concentration of LNC (Fig. 6D) for GM rhizome tissue increased from mid-October to mid-November, whereas that for JG did not change; LNC for JG was lower than that for GM in mid-November. Although not significant, HNC (Fig. 6E) of GM appeared to decline as LNC increased. The higher concentration in rhizome LNC (Fig. 6D) of GM explains the higher rhizome TNC in November as compared with that of JG (Fig. 6F) . The concentration of rhizome HNC (Fig. 6E ) was on average 60% lower than that of LNC (Fig. 6D ) throughout the samplings. Rhizome and storage roots differed not only for fall patterns of carbohydrate accumulation, but also for concentrations of these compounds. Rhizome tissue accumulated half as much HNC (Fig. 6E ) as storage roots (Fig. 6B) , resulting in the rhizome tissue having on average 25% less TNC (Figs. 6C and F) throughout the sampling period.
FRUCTAN. Both low-molecularweight fructan (LF) (Fig. 7) and high-molecular-weight fructan (HF) (Fig. 7B) increased from early August to early September within the storage roots. LF decreased, whereas HF did not change from early October to mid-November. Total fructan increased from mid-August to midSeptember and declined from midOctober to November (Fig. 7C) ; the decrease resulted from diminished LF concentration. Storage root HNC (Fig. 6B) and HF (Fig. 7B) concentrations were similar and did not vary . Upper-and lower-case letters indicate differences between sampling dates within cultivar for rhizome and crown water (%). For TDW, letters indicate non-pairwise differences between cultivars and sample dates as determined by Tukey's honestly significant differences at P # 0.05; LS means = least square means.
by more than 5% during the sampling period. Storage root LF (Fig. 7A ) concentrations accounted for 55% to 80% of the LNC (Fig. 6A ) depending on sampling date. Rhizome LF concentration did not change during the sampling period (Fig. 7D) . HF concentration increased early in the fall and then did not change for JG; for GM, values were similar to those of JG from mid-August to mid-October, after which they decreased (Fig. 7E) . Total rhizome fructan concentration increased from mid-August to mid-September and did not vary thereafter (Fig. 7F) . The accumulation of total rhizome fructan could be explained by an increased concentration of HF during this period.
The concentration of rhizome HF (Fig. 7E ) averaged 25% lower than that of rhizome LF (Fig. 7B) . Rhizome total fructan concentration (Fig. 7F) was from 60% to 75% of that present in storage root tissues (Fig. 7C) . Furthermore, LF and HF (Fig.  7D-E) accounted for 55% to 65% of the LNC (Fig. 6D ) and over 95% of the HNC (Fig. 6E) , respectively, within rhizome tissue. SIMPLE SUGARS. Simple sugars (i.e., glucose, fructose, sucrose, and raffinose) were not distributed homogeneously throughout the asparagus crown and fluctuated across sampling dates (Fig. 8) . Glucose and raffinose concentrations were too low to detect within storage root tissue (data not shown). Reducing sugars within rhizome tissue did not deviate from an average of 44 mgÁg -1 DW throughout the sampling period (data not shown). Storage root reducing sugar (Fig. 8A) and sucrose (Fig. 8B) concentrations showed similar trends through the sampling period, decreasing from mid-August to mid-September and increasing from mid-October into November; however, only the decreasing reducing sugar concentration of GM in early fall and increasing reducing sugar and sucrose concentrations of GM in late fall were significant. The storage root tissue of GM had less reducing sugars in mid-September and higher sucrose concentrations through the sampling period than those observed for JG (Fig. 8A-B) . Storage root LF concentration was negatively correlated with storage root reducing sugars (GM: r = -0.57, P = 0.01; JG: r = -0.63, P = 0.015) and sucrose concentrations (GM: r = -0.89, P < 0.0001; JG: r = -0.70, P = 0.002), which can explain the decline in total storage root fructan (Fig. 7C ) but constant TNC (Fig. 6C ) from mid-October into November.
Glucose concentrations of the rhizome increased from mid-August to mid-October and then did not change in both cultivars (Fig. 8C) . Raffinose concentrations declined in both cultivars during October (Fig. 8D) . Rhizome sucrose concentrations of both cultivars were similar and did not change from mid-August to mid-October; thereafter, concentration decreased for GM but did not change for JG (Fig. 8E ). Glucose and raffinose concentrations were %10% of that for sucrose.
PROLINE AND PROTEIN. Storage root proline concentration increased from 1.77 and 2.23 mgÁg -1 DW in mid-August to 16.68 and 12.46 mgÁg -1 DW by November for GM and JG, respectively (Fig. 9A) . In mid-November, GM had more proline than GM. Rhizome proline increased during the sampling period (Fig. 9B) ; however, cultivars did not differ (Table 1) . Rhizome proline concentrations appeared to be 50% to 100% greater than values for storage roots on identical sampling dates.
Storage root protein concentrations increased for both cultivars during fall; however, GM and JG reached their maximum level in mid-October and mid-November, respectively (Fig. 9C) , which is consistent with the earlier decline of chlorophyll concentration in GM than JG (Fig. 3A) . Rhizome protein levels . Vertical error bars represent the SE at each sampling date for storage root (n = 16) and for rhizome (n = 8). Letters indicate differences between sampling dates for storage root carbohydrate parameters. Non-pairwise differences are shown using letters for rhizome LNC and TNC concentrations. Differences were determined by Tukey's honestly significant difference at P # 0.05. The effects of cultivar, sampling date, and their interactions were not significant for rhizome HNC and storage root TNC; however, both are shown separately.
did not vary during the fall for both cultivars; however, GM had more protein than JG (Fig. 9D) . STORAGE ROOT FREEZING TOLERANCE. Storage root LT 50 values decreased by -18°C from mid-August into November for both cultivars (Fig. 10) . Values were correlated with percent water (storage root: GM: r = 0.75, P = 0.001; JG: r = 0.79, P = 0.001, rhizome: GM: r = 0.93, P < 0.0001; JG: r = 0.79, P = 0.001) and proline concentration (storage root: GM: r = -0.90, P < 0.0001; JG: r = -0.69, P = 0.002, rhizome: GM: r = -0.89, P < 0.0001; JG: r = -0.77, P = 0.003) as well as crown dry weight (GM: r = -0.91, P < 0.0001; JG: r = -0.87, P < 0.0001) and chlorophyll concentration (GM: r = 0.87, P < 0.0001; JG: r = 0.76, P = 0.001). Storage root reducing sugar, protein, and nitrogen increased mainly during the latter part of fall, midOctober into November, resulting in non-significant correlations with LT 50 over the entire sampling period.
Discussion
During fall, both cultivars varied similarly for a number of parameters (Table 2) . Chlorophyll concentration of the fern, percent water of the crown, and storage root LT 50 decreased, whereas crown dry weight, rhizome glucose, proline, and total fructan, and storage root HF, HNC, and protein increased. Cultivars differed consistently for several parameters. Over the sampling period, chlorophyll concentration and crown and rhizome percent water decreased earlier and were lower in GM than JG, whereas GM had more crown DW and rhizome protein than JG. Fall accumulation patterns for certain compounds differed between cultivars: rhizome HF decreased for GM and increased for JG; rhizome LNC and TNC and storage root sucrose increased and decreased, respectively, for GM, whereas values for JG did not change; storage root proline was greater in GM than JG late in the fall; and storage root proteins accumulated earlier in GM than JG.
AUTUMN FERN SENESCENCE AND NITROGEN. Nitrogen within the storage root and rhizome tissues correlated negatively with chlorophyll concentration. This is supported by Ledgard et al. (1994) in which 90% of the fern nitrogen was remobilized during fern senescence. Nitrogen reserves serve a metabolic role during early season growth of alfalfa, and storage before winter is crucial for winterhardiness and spring vigor (Dhont, 2006) . Although storage root nitrogen and LT 50 values were not correlated, nitrogen in the crown can be important for spring vigor because fern removal before senescence is detrimental to the following season's spear yield (Bai and Kelly, 1999) . The lower, long-term yield observed for JG as compared with GM could be explained by inadequate crown nitrogen in JG that results from insufficient fern senescence and consequently remobilization. Low crown nitrogen may also weaken JG plants, increasing susceptibility to root diseases and consequently decline. In addition to crown carbohydrate content (Wilson et al., 2008) , crown nitrogen should be considered when establishing metabolite associations with vigor and longevity in asparagus.
DEHYDRATION AND FREEZING TOLERANCE. Cellular dehydration promotes a reduction in cellular volume and an increase in osmotic concentration, conferring resistance to endocytotic vesiculation (Steponkus, 1984) and intercellular ice crystal growth (Uemura et al., 2006) . In this study, storage root tissues dehydrated before and to a greater extent than adjacent rhizome tissues and could explain why asparagus buds (Imakawa and Harada, 1989) , like those of alfalfa (Haagenson et al., 2003) , are generally less freezing-tolerant than adjacent overwintering tissues. Although the storage root percent water content did not differ between cultivars, GM did have lower rhizome percent water than JG, supporting the hypothesis that GM would have superior crown freezing tolerance. Storage roots acquired a high tolerance to freezing by the last sampling date in November when LT 50 values for both cultivars were %-19°C. Cultivars did not differ for storage root freezing tolerance; however, one shortcoming of this study was an inability, as a result of technical difficulties, to measure LT 50 as regrowth in whole crowns. This would have provided a true measure of winterhardiness of both storage roots and rhizomes. In southern Ontario, winter soil temperatures at 10 cm rarely fall below -5°C, even when the air temperature is below -20°C (Simcoe Research Station, Simcoe, Ontario, Canada). Therefore, storage roots are likely winter hardy under local conditions. Further investigations into the rhizome, especially buds, could distinguish GM and JG because they not only differed for rhizome percent water but also rhizome protein, HF, sucrose, LNC, and TNC.
CROWN CARBOHYDRATES. Asparagus storage roots cycle carbohydrates annually (Haynes, 1987) . During early spring and summer, carbohydrates, mainly in the form of simple sugars, are mobilized from the crown for spear and fern growth (Wilson et al., 2008) . Once the fern matures,crown carbohydrates are replenished, mainly as fructan, and crown size increases until growth stops and the fern senesce. Carbohydrates accounted for over 80% of storage root dry weight throughout the fall sample period. Although the carbohydrate concentrations reported here are higher than those of Ernst and Krug (1998) and Pressman et al. (1989) , they are similar to those from the field studies of Cairns (1992) and Haynes (1987) . Fructan, in this study, was the main carbohydrate and explained %75% to 90% of the total carbohydrate throughout the sampling period.
As fern growth occurred between mid-August and mid-September, the storage root HF and LF increased, whereas the concentration of simple sugars decreased. Storage root LF declined in early October as crown dry weight increased and continued to decline into November as simple sugars increased. The interrelationship between fructan and simple sugars reported here for storage roots is consistent with previous studies in asparagus and other fructan-accumulating species (Cairns, 1992; Pressman et al., 1993; Van den Ende and Van Laere, 1996) . Fern senescence could have resulted in the decline of storage root LF early in October through the limitation of carbohydrate import and consequently suppressed crown growth (Portes et al., 2008) . The decline in substrate input would have restricted the LF synthesis, possibly leading to a net hydrolysis (Nelson and Spollen, 1987) as indicated by the relative increase in simple sugars.
Rhizome carbohydrate partitioning was distinctly different from that of storage roots and indicated that the transition from polymerization to hydrolysis could further signal the initiation of quiescence. From mid-October into November, rhizome tissue of GM showed a concomitant decline in HF, an increase in LNC, and an increase in TNC, whereas the concentration of TNC for JG remained stable. The rhizome tissue carbohydrate profile of GM was more predictive of cold acclimation than that in JG. High LNC of GM would be advantageous for freezing tolerance because they are considered colligative cryoprotectants (Haagenson et al., 2003) .
The abrupt decline in sucrose concentration for GM rhizome tissue between mid-October and early November compared with the stable concentration of JG was an interesting distinction between cultivars. Pressman et al. (1993) identified sucrose as a spring sprouting signal in asparagus. Ernst and Krug (1998) identified the absence of dormant bud starch to be a potential For storage root sucrose concentration data, upper-and lower-case letters denote differences between sample dates (within cultivar). Non-pairwise differences are denoted with letters for the remaining parameters (n = 16). Differences were determined by Tukey's honestly significant difference at P # 0.05; LS means = least square means.
indicator of ''sprouting ability.'' Starch synthesis of GM dormant buds may have resulted in the observed decline of rhizome sucrose. This would support the hypothesis and observation that GM was dormant before JG. Low sucrose and high polysaccharide concentrations of dormant meristems is also observed in both Helianthus tuberosus, a fructan-accumulating species (Nelson and Spollen, 1987) , and Solanum tuberosum, a starch-accumulating species (Coleman and King, 1984) . In other species, however, high bud sucrose concentrations correlate with freezing tolerance (Palonen et al., 2000) . Sucrose is the primary transport sugar of asparagus (Cairns, 1992) . The decline in sucrose concentration of GM rhizome tissue with fern senescence could be signaling the cessation of carbohydrate import into the crown. With further analysis, this characteristic reduction in rhizome sucrose content for GM could prove to be a strong indicator of the transition phase from growth to quiescence.
PROLINE. Proline often correlates with tolerance to cold (Patton et al., 2007b) , but its role as a cryoprotectant has been contested (Xin and Browse, 2000) . The concentrations of storage root and rhizome proline were highly correlated with storage root freezing tolerance in this study; however, proline accumulation was delayed until LT 50 values decreased. Concentrations were associated with dehydration, which would be expected (Singh et al., 1972; Tatar and Gevrek, 2008) , although correlation coefficients were moderate. Proline accumulated through the fall in the rhizome tissue to a greater extent than within adjacent storage root tissue, although storage roots dehydrated to a greater extent than rhizome tissue. High rhizome proline content could be a direct consequence of dehydration (Lalk and Dorffling, 1985) or a result of proline (Fischer et al., 1998) or a pentose phosphate pathway precursor (Sarkar et al., 2009) transport during fern senescence.
Cultivars did not differ for proline concentration in the rhizome. If GM and JG do indeed have different levels of winterhardiness, and the physiological state of the rhizome is the primary determinant, then this compound may not be important to distinguish them. Alternatively, proline could be a metabolic reserve over winter (Sarkar et al., 2009 ) and into spring (Dhont et al., 2003) . The biochemical connection between crown proline accumulation and abscisic acid (Pardossi et al., 1992) , leaf senescence (Leopold, 1961) , dormancy (Matsubara, 1980) , and winterhardiness (Kalberer et al., 2007) requires further analysis.
SUMMARY. This study suggests that cold acclimation of asparagus crowns can be categorized into three phenological phases. The first phase was characterized by the accumulation of osmotic constituents from August to September. The second phase began when fern senescence, fructan hydrolysis, dehydration, and crown growth occurred, because temperature and photoperiod decreased during October. The third phase occurred from mid-October into November, as rhizome nitrogen and storage root protein accumulated and signs of quiescence Additionally, rhizome proline concentrations data were pooled across cultivars. Upper-and lower-case letters indicate differences between sampling dates within cultivar for rhizome protein concentrations. Non-pairwise differences are shown for storage root proline and protein concentrations. Differences were determined by Tukey's honestly significant difference at P # 0.05. Vertical error bars represent the SE at each sampling date for rhizome proline (n = 16) and the remaining parameters (n = 8); LS means = least square means. (dormancy traits) were present; i.e., dehydration, fern senescence, decreased rhizome sucrose concentration, increased storage root simple sugars, and the cessation of growth. Early fern senescence did not differentially influence storage root freezing tolerance, although the associated early nitrogen reclamation, high storage root proline concentration, and timely dormancy traits could be advantageous in locations with cold winters. The hypothesis that early fern senescence in GM resulted in improved freezing tolerance compared with JG could not be definitively tested without LT 50 data derived from whole-plant freezing studies. The LT 50 observed in storage roots suggests these organs may not be prone to damage under normal conditions and further analyses should focus on the rhizome, which contains meristematic buds. The rhizome of GM had greater dehydration and LNC compared with JG; because these traits may be correlated with freezing tolerance, future analyses concentrating on rhizome freezing and physiology will prove crucial for investigations of asparagus winterhardiness, leading to identification of indirect selection parameters in breeding programs.
